1. INTRODUCTION
===============

Glycoside phosphorylases (GPs) are carbohydrate-active enzymes (CAZymes) (URL: <http://www.cazy.org/>) \[[@r1]\] involved in the formation/cleavage of glycosidic bond together with glycosyltransferase (GT) and glycoside hydrolase (GH) families (Figure **[1](#F1){ref-type="fig"}**) \[[@r2]-[@r6]\]. GT reactions favour the thermodynamically more stable glycoside product \[[@r7]\]; however, these enzymes can be challenging to work with because of their current limited availability and relative instability, along with the expense of sugar nucleotide substrates \[[@r7]\]. GHs thermodynamically favour the hydrolysis of glycosidic bonds; however, active site mutation has allowed their transformation into glycosynthases (GSs), which use activated sugars (such as fluoro or *p*-nitrophenyl glycosides) to drive reaction in the synthetic direction \[[@r7], [@r8]\].

In contrast to GTs and GHs, the equilibrium position for GP reactions tends to result in a mix of starting materials and products, rendering them of modest use in a synthetic sense. However, GPs can be used to generate sugar-1-phosphates; in addition, coupling GP reactions with a secondary glycosylation step provides a means of capitalizing on these robust enzymes, which employ cheap and accessible substrates.

1.1. Background on Glycoside Phosphorylases
-------------------------------------------

GPs use inorganic phosphate to breakdown glycosidic bonds (phosphorolysis), releasing sugar-1-phosphate and acceptor (Figure **[1](#F1){ref-type="fig"}**) \[[@r3]-[@r5]\]. The phosphorylase reaction is an equilibrium between the phosphorolysis and the reverse synthetic reaction, since the free energy released by the glycosidic bond cleavage is similar to that released by the sugar phosphate ester cleavage (Figure **[2](#F2){ref-type="fig"}**) \[[@r4], [@r5]\]. Phosphorylases have been classified into different families depending on the sequence similarity to GTs and GHs in CAZy database (Table **[1](#T1){ref-type="table"}**) \[[@r4], [@r5]\]. Most of the GPs belong to GH families, \[[@r5]\] and they can be distinguished into retaining and inverting phosphorylases depending on whether the new glycosidic bond is formed with inversion or retention of the anomeric configuration with respect to the sugar-1-phosphate substrate (Figure **[2](#F2){ref-type="fig"}**, Table **[1](#T1){ref-type="table"}**) \[[@r4], [@r5]\].

The characterised GPs comprise enzymes that are able to act on a wide range of glycosidic linkages (Table **[1](#T1){ref-type="table"}**), with the exception for α/β-(1→6) and β-(1→1) linkages, for which no specific GPs have been characterised at the moment. Most of the GPs known so far use D-Glc-1-phosphate as a donor substrate, forming disaccharides or oligosaccharides; far fewer GPs use D-Gal-1-phosphate \[[@r9]\], D-GlcNAc-1-phosphate \[[@r10]\] or D-Man-1-phosphate \[[@r11]-[@r13]\] as their donor substrates (Table **[1](#T1){ref-type="table"}**) \[[@r3], [@r5], [@r14]-[@r17]\]. There are currently no known phosphorylases that transfer *N*-acetylneuraminic acid (Neu5Ac), L-fucose (L-Fuc), L-rhamnose (L-Rha), D-fructose (D-Fru), D-glucuronic acid (D-GlcA) or D-glucosamine (D-GlcN) as their physiological substrates. In this respect, GTs and GHs cover a broader range of carbohydrate specificities and have been much more extensively studied, characterised and modified in order to optimise their use in the synthesis of complex carbohydrates \[[@r8], [@r18]\].

While GP synthetic reactions can be used for carbohydrate/glyco-molecule synthesis, GP phosphorolysis reactions can be exploited for the degradation of glyco-polymers, leading to the production of useful sugar-1-phosphates. Due to the industrial interest in GPs as a result of their cheap and readily available substrates, in the last decade a big effort has been put into the discovery of new GP activities, as well as GP engineering to overcome the limitations associated with their strict specificity in terms of substrates or linkage \[[@r19]\]; efforts to improve their thermostability and catalytic efficiency with non-natural substrates have also been reported \[[@r20], [@r21]\].

GPs have been exploited in academia and also in industry for the synthesis of glycosylated compounds, high-value carbohydrates and both natural and unnatural polysaccharides. On the other hand, the phosphorolytic reaction of GPs is currently being investigated as an alternative route for waste recycling and biofuel production. The aim of the article is to provide an overview of recent developments in GP applications, especially where they have been used in conjunction with other GPs (phosphorylase coupling) \[[@r8]\] and/or with other enzymes. The review will be focused on three main classes of GPs: disaccharide phosphorylases for the production of small molecules \[[@r5], [@r8], [@r19]\]; α-glucan phosphorylases for starch synthesis and/or degradation \[[@r22], [@r23]\]; finally, cellodextrin/cellobiose phosphorylases (CDP/CBP) for cellulose synthesis and/or degradation \[[@r24]\]. All of these areas are being explored because of their potential industrial application in the production of more soluble glycosylated drugs, excipients, prebiotics, food additives, adhesives and new materials.

2. Disaccharide phosphorylases
==============================

Disaccharide phosphorylases carry out a reversible phosphorolytic reaction using a glycosyl phosphate and a monosaccharide as sugar donor and acceptor, respectively. They are all members of GH and GT families that are mentioned in Table **[1](#T1){ref-type="table"}**, except for GT35 which contains exclusively oligosaccharide phosphorylases (starch and glycogen phosphorylases). Since the CAZy classification is based largely on amino acid sequence homology \[[@r1]\], disaccharide phosphorylases with different substrate specificities are often classified in the same family. For example, GH94 family contains disaccharide phosphorylases acting on β-D-Glc-(1→2)-D-Glc (sophorose), β-D-Glc-(1→4)-D-Glc (cellobiose), β-D-GlcNAc-(1→4)-D-GlcNAc (*N,N´-*diacetyl-chitobiose) and β-D-Glc-(1→3)-D-Glc (laminaribiose). Research in recent years has focused on the acceptor and donor preferences of disaccharide phosphorylases, since these govern their potential for use in the production of not only novel disaccharides, but also small glyco-conjugated compounds with potentially useful pharmacological properties. Broad acceptor preference is a key feature that is shared by several disaccharide phosphorylases. For example, cellobiose phosphorylase (CBP) (EC 2.4.1.20) shows relaxed specificity at the C2- and C6-positions of the acceptor sugar, thus allowing the use of 2-deoxy-D-glucose, 6-deoxy-D-glucose, D-glucosamine (2-amino-2-deoxy-D-glucose), and D-xylose (6-dehydroxymethyl-D-glucose) as its substrate (Figure **[3](#F3){ref-type="fig"}**) \[[@r25]\]. Another powerful example is the acceptor promiscuity of sucrose phosphorylase (SP) (EC 2.4.1.7), which not only accepts a variety of monosaccharides but also other non-carbohydrate molecules, details of which will be discussed in section 2.2.

In the following section, we will explore the potential applications of disaccharide phosphorylases either as a sole catalyst and/or in combination with other phosphorylases or other carbohydrate-active enzymes to produce small glyco-conjugated molecules and rare disaccharides.

2.1. Production of Valuable/Rare Sugars
---------------------------------------

A single disaccharide phosphorylase can be used as a sole catalyst for the production of a disaccharide of interest with anomeric stereochemistry and regiocontrol determined by the choice of enzyme specificity and monosaccharide compositions of the product by the supplied substrates. As previously mentioned, relaxed acceptor preference is the key property that has been used by many research groups for the production of rare disaccharides. Morimoto and co-workers have shown that SP from *Leuconostoc mesenteroides* exhibits activity towards eight different ketohexose acceptors while using α-D-Glc-1-phosphate as a donor, allowing the production of eight corresponding D-glucosyl-ketohexoses, which are rare or absent in nature \[[@r26]\].

Disaccharide phosphorylases can also be used in conjunction with other biocatalysts to expand the range of possible products through a "one-pot" enzymatic approach. A common strategy is the use of SP as an *in situ* generator of α-D-Glc-1-phosphate, which can then be used as substrate for the downstream reaction catalysed by other phosphorylases and/or other biocatalysts. Such an approach has been demonstrated in a one-pot enzymatic galactosylation of *N*-acetyl-D-glucosamine, which produced *N-*acetyllactosamine in 85% yield (Figure **[4A](#F4){ref-type="fig"}**) \[[@r27]\].

By substituting SP with other disaccharide phosphorylases that are specific to substrates of choice, other cheap substrates can be used as starting materials for the one-pot enzymatic approach. Nihira and co-workers have demonstrated this idea by the use of either CBP or SP in the first step of catalysis to generate α-D-Glc-1-phosphate from cellobiose or sucrose, respectively (Figure **[4B](#F4){ref-type="fig"}**).

α-D-Glc-1-phosphate was sequentially transformed by α-phosphoglucomutase (α-PGM) (EC 5.4.2.2) into D-Glc-6-phosphate, then by β-phosphoglucomutase (β-PGM) (EC 5.4.2.6) to produce β-D-Glc-1-phosphate, which was then used by nigerose phosphorylase (NP) (EC 2.4.1.279) to generate α-(1→3)-linked nigerose as a final product of the reaction. Alternatively, maltose can be phosphorolysed by maltose phosphorylase (MP) (EC 2.4.1.8) for the generation of β-D-Glc-1-phosphate \[[@r28]\]. These combinatorial approaches may be adapted for the production of other disaccharides by substituting nigerose phosphorylase with other β-D-Glc-1-phophate-generating phosphorylases with appropriate carbohydrate acceptors.

It is possible to expand the range of sugar-1-phosphates beyond Glc-1-phosphate by coupling SP with α-Glc-1-phosphatase (AGP) (EC 3.1.3.10) either sequentially or simultaneously, which allowed phosphorylation of D-Man, D-GlcNAc, D-Gal and L-Fuc at the anomeric hydroxyl group with absolute axial selectivity (Figure **[5](#F5){ref-type="fig"}**) \[[@r29]\].

Lacto-*N*-biose I (β-D-Gal-(1→3)-D-GlcNAc; LNB) has been shown to have prebiotics effects on *in vitro* Bifidobacterial growth, suggesting a link between the prevalence of these bacterial groups in breast-fed infants and the existence of gene cluster encoding the unique metabolic pathway for LNB in Bifidobacteria \[[@r30]\]. Since Bifidobacteria are relatively well-known probiotic species which positively correlate with several health benefits in human, such as reducing inflammatory responses \[[@r31], [@r32]\] and improved gastrointestinal tract well-being \[[@r33], [@r34]\], the synthesis of LNB is of great interest as an alternative source of prebiotic LNB to enhance the presence of these probiotic bacteria. Nishimoto and Kitaoka have developed an *in vitro* enzymatic synthesis of LNB from sucrose and D-GlcNAc using a combination of 4 enzymes in 10-liter of the reaction mixture with an overall reaction yield of 83%; 1.4kg of crystalline LNB was recovered from the reaction with 99.6% purity (Figure **[6A](#F6){ref-type="fig"}**) \[[@r35]\].

Galacto-*N*-biose (β-D-Gal-(1→3)-D-GalNAc; GNB) is an *O*-glycan disaccharide that is a major core component of mucin in the gastrointestinal tract \[[@r36]\] and is metabolised by Bifidobacteria, similarly to lacto-*N*-biose \[[@r37]\]. Serine or threonine-linked GNB, so called T-antigen, can be found at high levels on human cancer cells \[[@r38]\], while derivatives of GNB, such as sialyl- and disialyl-GNB, are present on gangliosides and serve as receptors for influenza viral infection \[[@r39]\]. Given the physiological significance of GNB and its sialylated forms, synthesis of these molecules is important for therapeutic and diagnostic purposes. Two enzymatic routes for GNB production involving disaccharide phosphorylases have been explored. The first approach was modified from the aforementioned synthesis of LNB by substituting LNBP with GNB/LNB phosphorylase (GLNBP) (EC 2.4.1.211) in the presence of UDP-glucose, sucrose, D-GalNAc and inorganic phosphate as substrates (Figure **[6A](#F6){ref-type="fig"}**). Large scale preparation using this approach yielded gram quantities of GNB with more than 90% purity \[[@r40]\].

The second route is a bi-enzymatic system using two enzymes: a galactokinase (EC 2.7.1.6) catalyses the synthesis of α-D-Gal-1-phosphate from D-Gal in the presence of ATP, and GLNBP transfers D-Gal to D-GalNAc to create GNB with up to 95% yield (Figure **[6B](#F6){ref-type="fig"}**, 1), which can then be sialylated by an α-(2→3)-sialyltransferase (EC 2.4.99.4) and α-(2→6)-sialyltransferase (EC 2.7.99.1) to form sialyl- or disialyl-GNB (Figure **[6B](#F6){ref-type="fig"}**, 2) \[[@r41]\].

Apart from the one-pot enzymatic approach in solution, immobilised-enzyme combinations can also be explored as an alternative for the use of disaccharide phosphorylases as biocatalysts. One recent example shows that production of laminaribiose could be accomplished by a bi-enzymatic system containing individually immobilised *Euglena gracilis* protein extract with laminaribiose phosphorylase activity (LP, EC 2.4.1.31) and recombinant SP onto Sepabeads (Figure **[6C](#F6){ref-type="fig"}**) \[[@r42]\]. The advantages of enzyme immobilisation are the extension of operational life time and reusability of the enzymes, which were explicitly demonstrated in Müller's work, where the immobilised laminaribiose phosphorylase retained more than 50% activity when used seven times, providing a proof-of-concept that could potentially be implemented for other phosphorylases.

2.2. Glycosylation of Non-Carbohydrate Small Molecules
------------------------------------------------------

Glycosylation of small non-carbohydrate molecules can have positive impact on their physical/chemical/biological activity, such as improved solubility of hydrophobic compound and stability of labile molecules \[[@r8]\]. The acceptor promiscuity of the phosphorylases, in particular of SP, can be exploited in this respect to glycosylate non-carbohydrate molecules, such as aromatics, sugar alcohols, phenolic compounds and carboxylic acids \[[@r8], [@r43]\]. The advantage of such promiscuity was demonstrated for an enzymatic production of 2-*O*-(α-D-glucopyranosyl-sn-glycerol (αGG), an additive for cosmetic agents (Glycoin^®^), using sucrose phosphorylase from *Leuconostoc mesenteroides* as a biocatalyst and glycerol as an acceptor, with the final yield of 10.2g in 90-ml reaction mixture \[[@r44], [@r45]\].

SP not only can be applied as a phosphorylase, but also as a *trans*-glycosidase, in which case the glucosyl group is transferred directly from sucrose to acceptor alcohol, rather than with the intermediary of α-D-Glc-1-phosphate. This property of SP was exploited for mono and bis-glucosylation of hydroxyl groups in (-)-epigallocatechin gallate \[[@r46]\], which is a prospective anti-cancer agent \[[@r44]\].

Despite the relaxed aglycone specificity of SP, several desirable acceptors such as flavonoids or stillbenoids remain poor substrates due to their bulky size and hydrophobicity of the molecules. These barriers may be overcome by exploiting knowledge of available 3D structures of SPs, which enables the acceptor specificity to be tailored by site-directed mutagenesis to accommodate non-native acceptors.

Kraus, Grimm and Seibel have implemented this strategy by redesigning the active site of SP from *Bifidobacterium adolescentis*, exchanging Gln345 for Phe (Q345F), which resulted in a wider access channel with a nonpolar aromatic surface that is likely to contribute to the improved activity towards glucosylation of resveratrol, (+)-catechin and (-)-epicatechin: glycosylation yields of up to 97% were dramatically improved with respect to those achievable with the wild type enzyme \[[@r47]\].

De Winter and co-workers have demonstrated α-glycosylation of a variety of antioxidants such as pyrogallol methyl gallate, resveratrol, and epicatechin by SP from *Bifidobacterium adolescentis* or β-glucosylation by cellodextrin phosphorylase (CDP) (EC 2.4.1.49) from *Clostridium sterococarium* to produce cellobiosylated and cellotriosylated antioxidants. The glycosylation improves the stability and solubility of most of modified antioxidants without substantial loss of the antioxidant potency \[[@r48]\]. The increase in solubility and stability may provide significant advantages for the commercial application of such compounds.

Apart from substantial evidence for *in vitro* use of disaccharide phosphorylases for disaccharide production and aglycone glycosylation, there are recent examples of *in vivo* glycosylation platforms. Specifically, metabolic engineering of *E. coli* introducing phosphorylases in combination with other enzymes has been used to alter the existing metabolic pathway to favour the production of desirable sugar-nucleotides. *In vivo* glucosylation and rhamnosylation of quercetin, a plant flavonol bioactive metabolite, which naturally occurs in different glycosylated forms with varying pharmacological properties, have been demonstrated by constructing an alternative sucrose metabolic pathway in *E. coli.* Introducing SP as a key enzyme enabled the use of sucrose for the production of α-D-Glc-1-phosphate as a precursor for UDP-glucose, while the by-product fructose could be used as a carbon source for cell growth. The produced UDP-glucose was converted to UDP-galactose or UDP-rhamnose by introducing UDP-glucose-4-epimerase (*GalE*) or UDP-rhamnose synthase (*MUM4*) genes, respectively, into the *E. coli* strain. UDP-galactose and rhamnose were then used for galactosylation and rhamnosylation of quercetin, respectively (Figure **[7](#F7){ref-type="fig"}**) \[[@r49]\]. The advent of such *in vivo* glycosylation platform provides a great alternative to the extraction of these glycosylated compounds from their original sources, which are laborious and low yielding processes.

3. Α-glucan phosphorylase
=========================

α-Glucan phosphorylases are a diverse group of retaining enzymes that generate α-D-Glc-1-phosphate from polymeric glucans being widely distributed amongst prokaryotic and eukaryotic organisms \[[@r50]\]. This class of phosphorylases are members of the GT35 family, as per the CAZy database (Table **[1](#T1){ref-type="table"}**), behaving as oligosaccharide phosphorylases, mostly specific to the biopolymers starch and glycogen. The catalytic behavior of α-glucan phosphorylases has been extensively studied with respect to mammalian glycogen metabolism, wherein the breakdown/synthesis of polyglucans dependent on the relative Pi/α-D-Glc-1-phosphate concentrations and equilibria, was first discovered \[[@r50]\].

Physiologically, phosphorylases are attributed to catabolism of glycogen reserves as well as its biogenesis, which also involves branching enzymes \[[@r51]\]. Starch metabolism on the other hand is more complex, reflecting its intricate architectural construction, also requiring a battery of other enzymes. These enzymes are comprised of numerous branching enzymes (BEs) that transfer variable glycan chain lengths, forming α-(1→6) branch points and thus are classified type I (long chains) and type II (short chains). Additionally, the debranching enzymes (DBEs) eventually trim the hyperbranched amylopectin molecules, forming semi-crystalline and insoluble starch granules \[[@r51]\]. Over the years, α-glucan phosphorylases (particularly the easily isolated potato enzyme) have been used in isolation or in combination to engineer various forms of synthetic amylose or glycogen derivatives through enzymatic routes. In recent times, the focus of phosphorylases as enzymatic tools has shifted to the plant and bacterial orthologues as they are more diverse and are devoid of the allosteric regulation seen in mammalian glycan phosphorylases \[[@r3]\]. With respect to the use of the ubiquitous GH13 family BEs \[[@r52]\] for similar applications, several variants are currently in use owing to their functional diversity, robust nature and suitability for synthetic reaction routes.

Although the conventional approaches were restricted to the use of glycan phosphorylases for modification of their natural substrates, Ohdan *et al.* have expanded their scope by using them in combination with glucan transferases to engineer synthetic amyloses \[[@r53]\]. This group has demonstrated the use of cellobiose phosphorylase to catalyse the phosphorolysis of cellobiose into α-D-Glc-1-phosphate and glucose, followed by the *in situ* α-glucan phosphorylase-based polymerization of a glucan primer (Figure **[8](#F8){ref-type="fig"}**). The resulting synthetic amylose assumes a helical conformation, forming inclusion complexes with diverse guest molecules, thereby providing scope for application in nanoscale entrapment and drug delivery \[[@r23]\].

In an reverse approach, Suzuki *et al.* established an efficient system for the enzymatic conversion of starch into cellobiose using α-glucan phosphorylase alongside cellobiose phosphorylase (Figure **[9](#F9){ref-type="fig"}**) \[[@r54]\]. The process was driven by a high concentration of Pi, effecting the conversion of starch to α-D-Glc-1-phosphate, followed by the selective precipitation of Pi as insoluble magnesium ammonium phosphate in order to drive the equilibrium in favour of cellobiose phosphorylase-mediated conversion of α-D-Glc-1-phosphate to cellobiose. The enzymatic conversions, however, had to be performed in isolation owing to the different conversion rates and reaction parameters for the α-glucan phosphorylase and cellobiose phosphorylase. Interestingly, this process represented the first attempt to address the challenge of large scale production of α-D-Glc-1-phosphate, from one of the most economical and abundantly available agricultural products, starch. A major limitation in this regard was the partial conversion of starch into α-D-Glc-1-phosphate (\~40%) and the generation of the high molecular weight by-products, owing to presence of highly branched amylopectin within starch.

The partial hydrolysis of starch was addressed by Zhou and co-workers, involving three hyper-thermostable enzymes to engineer a one-pot approach, resulting in increased α-D-Glc-1-phosphate generation (Figure **[10A](#F10){ref-type="fig"}**) \[[@r55]\]. Isoamylase (IA) from *Sulfolobus tokodaiienables* was used for the simultaneous gelatinization of starch and starch hydrolytic debranching. Coupled with the isoamylase, the *Thermotoga maritima* α-glucan phosphorylase for α-D-Glc-1-phosphate production, and *Thermococcus litoralis* 4-glucanotransferase (4GT) for transfer of glucose units from maltose and short maltodextrins (to the ends of other maltodextrins), were used achieving an efficient utilisation of glucose units in the reaction. An unusually high yield of \~200 mM α-D-Glc-1-phosphate was achieved from corn starch, despite the fact that starch suffers from lower solubility and equilibrium constant compared to sucrose-SP system.

As mentioned previously, SP demonstrates notable substrate promiscuity. This property has encouraged the engineering of robust SPs from thermophilic organisms, such as *Thermoanaerobacterium thermosaccharolyticum* JW/SL-YS485, to facilitate the catalytic conversion of sucrose into synthetic amylose (Figure **[10B](#F10){ref-type="fig"}**) \[[@r56]\], with immense potential in the biomedical, food and polymer industries. The limitations of large scale amylose production were addressed by optimising chemo-enzymatic conditions with up to five different enzymes, in an assemblage of different one-pot reaction schemes. The core reaction had three different modules comprising of the SP-mediated phosphorylation of sucrose to α-D-Glc-1-phosphate and D-fructose; α-(1→4)-glucan phosphorylase mediated extension of amylose-like chains on a maltodextrin primer; and a third optional mechanism for the removal of fructose to prevent SP inhibition through the combined action of glucose isomerase, glucose oxidase, and catalase. A comprehensive comparison was made between the two and five enzyme, one-pot systems with respect to the α-D-Glc-1-phosphate and amylose generation, concluding that the SP α-(1→4)-glucan phosphorylase two-enzyme system is most suited for the generation of synthetic amyloses. The highlight of this reaction scheme was the effective recycling of inorganic phosphate to maintain steady state levels, enabling a novel alternative to the natural amylose biosynthesis pathway.

Advances in the combined use of glucan phosphorylases, branching enzymes and debranching enzymes for glucan-based material production have come from studies on different heterologous systems established *in vivo* \[[@r52], [@r57]\]. For instance, the Loos group has employed recombinant α-(1→4)-glucan branching enzyme from the extremophile *Deinococcus geothermalis* to access amylopectin-like polymers from long chain, amylose-based glucans. The BE transferred α-(1→4)-linked glucan chains from the non-reducing terminus of long chain linear α-(1→4)-glucans, creating β-(1→6)-linked branch-points at internal glucose residues in α-(1→4)-glucan chains. Optimisation of reaction conditions for the simultaneous α-(1→4) extension of glucan primer by potato α-glucan phosphorylase and the α-(1→6) side chain branching, through the action of BE thus generated branched polymeric glucans, with scope to tune the branching by modulating the reaction conditions \[[@r58]\]. The Loos group further extended the scope of the α-glucan phosphorylase-GBE enzyme system to derive glycocalyx-mimicking, hyperbranched polysaccharides (Figure **[11A](#F11){ref-type="fig"}**). These hyperbranched polysaccharide structures were developed on silicon surfaces, with tunable degrees of branching, making them amenable to further surface modifications \[[@r59]\].

Additionally, Kobayashi and co-workers have established numerous chemo-enzymatic synthetic pathways using thermostable, α-glucan phosphorylase to obtain a variety of complex non-natural heteroaminopolysaccharides, amylose-grafted polysaccharides as well as amphoteric α-glucan dendrimers \[[@r60]\].

In connection with their work on an alternate bacterial glycogen synthesis pathway \[[@r61]\], Bornemann's group has discovered an interesting route for the production of linear and branched α-glucans (Figure **[11B](#F11){ref-type="fig"}**). The pathway is unique in that it employs a maltosyltransferase, GlgE \[[@r62]\], that uses α-maltose-1-phosphate donor to generate α-(1→4)-linkages alongside a single branching enzyme, GlgB, which is shared with the classical glycogen synthesis pathway \[[@r63]\]. The *in vitro* synthesis of linear and branched glucan structures generated by recombinant GlgE and GlgB enzymes has been achieved since. The products concerned were significantly different to those produced by the classical glycogen biosynthesis pathway, having shorter chain lengths and a higher proportion of β-(1→6) linkages. The α-maltose-1-phosphate required for this alternate glycogen synthesis pathway is produced *in vivo* through the isomerization of the disaccharide trehalose \[[@r64]\]. Trehalose, being cheap and readily available, presents an interesting alternate feedstock for enzymatic routes to generate novel α-glucans.

4. cellodextrin phosphorylase
=============================

β-(1→4)-Glucans are abundant natural polysaccharides, involved mainly in structural roles due to their stiffness and high resistance to chemical and enzymatic degradation; the most common β-(1→4)-glucan is cellulose, the main component of plant cell wall, composed of β-(1→4)-linked glucose \[[@r65]\]. Its chemical structure, characterised by extensive linear chains interacting by H-bonds to form microfibrils with alternated amorphous and highly ordered crystalline regions, is responsible for its robustness and structural role \[[@r65]\]. The most common and ancient use of cellulose has been in paper production but recently it has been re-evaluated as eco-friendly and renewable material and its application has expanded in a variety of areas \[[@r65]-[@r67]\]. The

main source of cellulose is plants, where it is found in association with hemicellulose and lignin, from which it is difficult to isolate. By contrast, bacterial cellulose is produced in a much purer form, even if in a different crystalline state compared to plants, which makes its isolation easier and consequently, its application more popular \[[@r68]\]. Pure cellulose has been synthesised by isolated enzymes, such as cellulases used in the reverse synthetic reaction \[[@r69]\]; however, bacterial cellodextrin phosphorylase (CDP) (EC. 2.4.1.49) has emerged in the last years as a powerful enzymatic tool for the synthesis of cellulose-like materials.

CDP belongs to the GH94 family. It is an inverting enzyme that catalyses the synthesis of β-(1→4)-linked cello-oligomers from α-D-Glc-1-phosphate and β-glucoside acceptors to generate insoluble celluloses with different degrees of polymerization depending on the primer \[[@r70]\]. From the first discovery of CDP from *Clostridium thermocellum* (*Ct*CDP) by Sheth and Alexander \[[@r70]\] and its expression in recombinant form in *E. coli* \[[@r71]\], CDP has been extensively studied especially in terms of characterisation of its cellulose product, such as degree of polymerization and crystalline form \[[@r24], [@r72], [@r73]\]. This information has contributed to the production of cellulosic materials with controlled degree of polymerization, peculiar molecular assemblies and catalytic activities which can be useful in a variety of applications \[[@r74]-[@r76]\].

Because of the insolubility of cellulose products, the use of CDP in combination with other enzymes is generally limited to a top-down approach, where CDP is the last coupled enzyme to produce cellulose as a final product from a β-glucoside acceptor and α-D-Glc-1-phosphate; a bottom-up approach, where CDP is used at the beginning of a process for the degradation of cellulosic material to produce α-D-Glc-1-phosphate, can be used for a variety of applications, such as synthesis or biofuel generation. The application of CDP in the production of biofuels from biomass is quite an expanding and exciting area due to the fact that cellulose is the most abundant renewable polysaccharide on earth and, as such, could be a major source of renewable energy and biofuel, such as hydrogen and ethanol. The major obstacle of using cellulose for biofuel production is its breakdown to shorter chains/monosaccharides, which is difficult due to the high chemical/enzymatic resistance and restricted accessibility of its compact semi-crystalline structure. For this reason, CDP has been engineered to tether it by a peptide linker to a carbohydrate binding module (CBM), which could facilitate its interaction and activity onto solid cellulose, for which CDP otherwise has a very low affinity \[[@r77]\]. Ye *et al.* have reported the effect of the fusion of four different CBMs to *Ct*CDP. They have shown that the fusion of CBM 9-2 from *Thermatoga maritima* Xyn10A to CDP significantly improved CDP activity on amorphous and crystalline cellulose without decreasing its affinity for shorter oligosaccharides \[[@r77]\]. This discovery has been applied to the synthetic pathway biotransformation (SyPaB) for hydrogen production, where a cocktail of 13 enzymes is used to produce efficiently hydrogen from cellobiose (Figure **[12A](#F12){ref-type="fig"}**) \[[@r78]\].

In this system, cellobiose is phosphorolysed to D-Glc and α-D-Glc-1-phosphate by cellobiose phosphorylase (CBP). α-D-Glc-1-phosphate can therefore be transformed by a phosphoglucomutase (PGM) to D-Glc-6-phosphate; the latter is oxidised to 6-phospho-gluconate, which can be further oxidised/decarboxylated to ribulose-5-phosphate by the action of 2 consecutive dehydrogenases, Glc-6-phosphate dehydrogenase (G6PDH) and 6-phosphogluconate dehydrogenase (6PGDH) (enzymes from the oxidative pentose phosphate pathway, PPP) respectively, with reduction of two molecules of nicotinamide adenine dinucleotide phosphate -- oxidised form (NADP^+^) to two molecules of nicotinamide adenine dinucleotide phosphate -- reduced form (NADPH). Both NADPH are therefore oxidised back to NADP^+^ by hydrogenase (H~2~ase) with production of 2 molecules of hydrogen. Then, ribulose-5-phosphate can be regenerated to D-Glc-6-phosphate by the action of 8 enzymes from the non-oxidative PPP to restart the cycle \[[@r78]\]. The overall H~2~ yield starting from cellobiose was 93% (11.2 moles of H~2~ per mole of anhydroglucose units of cellobiose); the overall reaction was endothermic but still spontaneous, pushed forward by the production of gases easy to remove and purify avoiding any product inhibition. When CDP was added to the system for the production of H~2~ from cellopentaose, the yield was 68% due to incomplete reaction. Therefore, the system requires optimisation of time, concentration of starting materials, enzymes and their ratio, but it has the potential for producing large amounts of H~2~ from cellulosic biomass. Of course, for its application into an industrial large scale production, the biggest problem to overcome is the stability of the enzymes to high temperatures and their recycle to decrease the cost for their large scale production. These are common problems for many biocatalysts and are being addressed by the discovery of enzymes from thermophilic organisms, or mutagenesis/direct evolution.

Another example of a top-down approach where CDP could be used for degradation of cellulose leading to eco-friendly production of biofuel and food/feed is the work of You *et al.* \[[@r79]\]. Here, cellulosic waste was transformed in synthetic amylose and ethanol by simultaneous enzymatic biotransformation and microbial fermentation (SEBF) (Figure **[12B](#F12){ref-type="fig"}**) \[[@r79]\]. Solid cellulose is attacked by *endo*-glucanase (EG) and degraded down to cellobiose, which can be phosphorolysed to α-D-Glc-1-phosphate and D-Glc by cellobiose phosphorylase (CBP). The degradation carried out by glucanase/cellulase could potentially be taken up by CDP, thanks to the improvement of CDP activity onto solid cellulose by fusion with a CBM domain shown by Ye *et al*. \[[@r77]\]. Thereafter, α-D-Glc-1-phosphate can be used by potato α-glucan phosphorylase (PGP) to generate amylose, while released D-Glc can be taken up by yeast to generate ethanol. The yeast used in the process could potentially be used as single cell protein (SCP) for animal feed or protein dietary supplement. The You group has also developed an original way to recover the key enzymes, CBP and PGP, from the enzymatic cellulosic hydrolysate and fermentation broth. Avicel-containing Nano Magnetic Particles (A-NMPs, where Avicel is crystalline cellulose), are coated with CBM3, which binds tightly to the A-NMPs because of its strong affinity to crystalline cellulose. Then, PGP and CBP recombinant proteins stick together because of very high affinity for each other (Figure **[12C](#F12){ref-type="fig"}**). These co-immobilised enzymes show the same activity as those in solution and can be easily recovered by  magnetic separation. Overall, this work shows how the

optimisation of waste recycling can be achieved and improved to the point where every single reaction component or waste product can be used and regenerated for some useful purposes.

CONCLUSION
==========

Glycoside phosphorylases have been recognised in the last few years as valuable enzymatic tools for a vast variety of applications. Combining their activity with that of other enzymes has dramatically improved the yields of GP reactions and expanded the range of products which can be obtained. Disaccharide phosphorylases have been exploited in the enzymatic production of valuable disaccharides and small glyco-conjugates, some of which have already been successfully used in industry, while others are proof-of-concepts that manifest exciting potential. α-Glucan phosphorylases have mainly been applied to the synthesis of amylose, natural or chemo-enzymatically modified, for its application as food additive, adhesive, drug delivery system, *etc.* At the same time, amylose degradation by the same class of enzymes has allowed for the production of high value α-D-Glc-1-phosphate at scale. Cellodextrin phosphorylase can be used for the production of very clean cellulose and a variety of related chemically modified materials, which are useful due to their unique chemical and physical properties. However, its use in a cellulose degradation/recycle by phosphorolysis, which would be extremely relevant due to the high abundance of cellulosic waste, is still under investigation due to the low affinity of CDP for insoluble cellulose.

Despite their exploitation and relative success, there are still numerous improvements and challenges that need to be overcome in the use of GPs. Firstly, the narrow substrate specificity remains a limitation, especially in disaccharide phosphorylases, with only a dozen native acceptors being identified and the donor specificity largely restricted to D-Glc- and D-Gal-1-phosphate \[[@r19]\]. Screening for phosphorylases with novel substrate specificities, structural-based modifications and/or directed evolution of the existing phosphorylases will be crucial steps towards the application of these enzyme for production of novel valuable sugars and glyco-conjugates. Secondly, the stability of the biocatalysts must be improved in order to tolerate the industrial-operating conditions. The search for phosphorylases from thermophilic organisms is helping to overcome the thermostability problem common to many enzymes. Moreover, enzyme immobilisation provides one of the key promising steps that could substantially reduce the cost of enzyme purification and product isolation, extend the operational shelf life as well as enable multiple uses of the enzymes. Finally, specificity towards non-native substrates must be improved to further increase yield of the desired products. This challenge has partly been addressed by imprinting a substrate of choice onto a chemically cross-linked sucrose phosphorylase aggregate (CLEA), which result in a two-fold increase in specific activity towards the substrate (in this case, α-glucosyl glycerol) \[[@r80]\]. Moreover, glycosylation of various alcohols, both *in vitro* and *in vivo*, provides exciting alternatives for the production of glycosylated bioactive molecules, which are otherwise extracted from natural sources. These approaches may also allow the production of non-natural compounds which could have novel pharmacological activities or greater potency compared to naturally occurring materials. Despite all of these exciting opportunities, challenges still remain for the use of phosphorylases for glycosylation of hydrophobic compounds due to limited water solubility of the substrates, which will require addition of organic co-solvents or ionic liquids to the reaction, which can attenuate the activity of the phosphorylase enzymes \[[@r43]\].

There is still substantial scope for the expansion or research and development in the glycan phosphorylase field: new discoveries and numerous improvements are on the way to address the limitations and to employ these enzymes to their maximum capacity.
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![**Enzymes involved in glycosidic bond formation and cleavage.** GT = glycosyltransferase; GP = glycoside phosphorylase; GH = glycoside hydrolase; GS = glycoside synthase; NDP = nucleotide diphosphate; *Op*NP = *O*-*para*-nitrophenyl.](PPL-24-696_F1){#F1}

![Reaction mechanism of glycoside phosphorylases. R, retaining; I, inverting.](PPL-24-696_F2){#F2}

![Structure illustration for CBP acceptors \[[@r25]\]. R~1~ and R~2~, which are linked to C-2 and C-6 respectively, are substituted by different functional groups for each of the aforementioned acceptors.](PPL-24-696_F3){#F3}

![**A**) *In situ* generation of α-D-Glc-1-phosphate by SP coupling with galactosylation of *N*-acetylglucosamine \[[@r27]\]. β-(1→4)-GalT = β-(1→4)-galactosyltransferase; UDP = uridine diphosphate; UTP = uridine triphosphate; Pi = inorganic phosphate; SP = sucrose phosphorylase. **B**) Enzymatic production of nigerose from 4 different starting materials (cellobiose, starch, sucrose and maltose) \[[@r28]\]. Cellobiose, starch and sucrose were used for the production of α-D-Glc-1-phosphate, which was converted to β-anomer, and subsequently used by nigerose phosphorylase for nigerose production. Maltose was also phosphorolysed by maltose phosphorylase to generate β-D-Glc-1-phophate which can be used directly by nigerose phosphorylase. Pi = inorganic phosphate; CBP = cellobiose phosphorylase; SP = sucrose phosphorylase; MP = maltose phosphorylase; NP = nigerose phosphorylase; PGM = phosphoglucomutase.](PPL-24-696_F4){#F4}

![Coupling SP with AGP for the enzymatic production of a variety of sugar-1-phosphate with axial selectivity at the anomeric position \[[@r29]\]. Sucrose was used by SP to generate α-D-Glc-1-phosphate, which was subsequently or simultaneously used in combination with 4 different acceptors, namely D-Man, D-GlcNAc, D-Gal or L-Fuc, by AGP for the production of the corresponding sugar-1-phosphates. SP = sucrose phosphorylase and AGP = α-glucose-1-phosphatase.](PPL-24-696_F5){#F5}

![**A**) Two biosynthetic routes for GNB and LNB production proposed by Nishimoto and Kitaoka \[[@r35], [@r40]\]. For lacto-*N*-biose (LNB) production, LNBP and D-GlcNAc were used as the final catalyst and substrate respectively. LNBP and D-GlcNAc are substituted by GLNBP and D-GalNAc, respectively, for the production of GNB. **B**) Enzymatic production of GNB and sialylated-GNB proposed by Li and co-workers \[[@r41]\]. (1) BiGalK was used to convert D-Gal to α-D-Gal-1-P, which was utilised as a sugar donor by BiGLNBP with D-GalNAc as an acceptor to produce GNB. (2) Sialyl-GNB was formed by transferring Neu5Ac from CMP-Neu5Ac onto D-Gal of GNB *via* α-(2→3) linkage by the activity of PmST1. The sialyl-GNB was further sialylated at C-6 of D-GalNAc by Pd2,6ST *via* α-(2→6) linkage to form disialyl-GNB. BiGLNBP = GNB/LNB phosphorylase from *Bifidobacterium infantis*; BiGalK = galactokinase from *Bifidobacterium infantis*; NmCSS = CMP-Sia synthetase from *Neisseria meningitides*; PmST1 = α-(2→3)-sialyltransferase 1 from *Pasteurella multocida*; Pd2,6ST = α-(2→6)-sialyltransferase from *Photobacerium damselae.* **C**) Combination of immobilised LP from *Euglena gracilis* and SP can be used for the production of laminaribiose using sucrose as a starting material \[[@r42]\]. SP = sucrose phosphorylase; Pi = inorganic phosphate; LP = laminaribiose phosphorylase.](PPL-24-696_F6){#F6}

![Metabolic engineering of *E. coli* for *in vivo* glycosylation platform of a flavonol molecule \[[@r49]\]. Underlined genes were introduced into *E. coli* for overexpression of the enzymes that are essential for production of desirable sugar metabolites, whereas erased genes were deleted from *E. coli* genome to prevent the breakdown of α-D-Glc-1-phosphate and UPD-Glc.](PPL-24-696_F7){#F7}

![Reaction scheme depicting the conversion of starch to cellobiose using a combination of α-glucan phosphorylase and cellobiose phosphorylase \[[@r54]\]. Pi = inorganic phosphate.](PPL-24-696_F9){#F9}

![Reaction scheme depicting the combination of cellobiose phosphorylase (CBP) and α-glucan phosphorylase (GP) for the synthesis of synthetic amylose \[[@r53]\]. Pi = inorganic phosphate.](PPL-24-696_F8){#F8}

![Multi-enzyme one-pot reaction schemes for generation of α-D-Glc-1-phosphate. **A**) Enzymatic synthesis of α-D-Glc-1-phosphate from corn starch \[[@r55]\]. α-D-Glc-1-phosphate synthesis corn starch-mediated by thermostable α-glucan phosphorylase (αGP) from *Thermotoga maritima*. The hyper-thermostable isoamylase (IA) from *Sulfolobus tokodaii* was added for enhancing the α-D-Glc-1-phosphate yield. A third enzyme, 4-glucanotransferase (4GT) from *Thermococcus litoralis* was added to the reaction mixture for increasing the α-D-Glc-1-phosphate titre through maltose and maltotriose utilisation. **B**) One-pot scheme for enzymatic synthesis of α-D-Glc-1-phosphate from sucrose \[[@r56]\]. SP = sucrose phosphorylase from *Thermoanaerobacterium thermosaccharolyticum* (EC 2.4.1.7); PGP = potato α-glucan phosphorylase (EC 2.4.1.1); GI = glucose isomerase (EC 5.3.1.5); GO = glucose oxidase (EC 1.1.3.4); CA = catalase (EC 1.11.1.6).](PPL-24-696_F10){#F10}

![**A**) Combined use of potato α-glucan phosphorylase (αGP) and glycogen branching enzyme (GBE) from *Deinococcus geothermalis* for the generation of hyperbranched polysaccharides on silicon wafer \[[@r59]\]. (a) Oxidized Si wafer; (b) aminosilanized wafer; (c) maltoheptaose functionalised surface; (d) enzyme-catalysed growth of linear chain by αGP; (e) catalytic action of GBE; (f) resulting hyperbranched polysaccharide after the combined biocatalysis. **B**) Metabolic pathways associated with α-glucan and glycogen metabolism in *Mycobacterium tuberculosis* \[[@r61], [@r63]\]. The genes involved in the GlgE pathway are underlined. The pathway is negatively regulated by the serine/threonine kinase, PknB. The pathway has been exploited for generation of branched glycans using a combination of the GlgE and GlgB enzymes.](PPL-24-696_F11){#F11}

![**A**) Production of H~2~ from enzymatic degradation of cellulosic biomass \[[@r78]\]. Reaction products are in bold boxes. Pi = inorganic phosphate; CDP = cellodextrin phosphorylase; CBP = cellobiose phosphorylase; PGM = phosphoglucomutase; G6PDH = Glc-6-phosphate dehydrogenase; 6PGDH = 6-phosphogluconate dehydrogenase; NADP^+^ = nicotinamide adenine dinucleotide phosphate (oxidised form); NADPH = nicotinamide adenine dinucleotide phosphate (reduced form). **B**) Enzymatic degradation of cellulosic waste into valuable products \[[@r79]\]. Cellulose enzymatic hydrolysis leads to the production of ethanol by yeast fermentation, amylose by potato a-glucan phosphorylase (PGP), and single cell protein (SCP). All products are in bold boxes. EG = endo-glucanase; Pi = inorganic phosphate; CBP = cellobiose phosphorylase. **C)** Co-immobilisation of CBM3, PGP and CBP onto Avicel-nano magnetic particles (A-NMPs). CBM3 = carbohydrate binding module 3.](PPL-24-696_F12){#F12}

###### 

Classification of characterised glycoside phosphorylases \[[@r3]\].

  **Mechanism**   **Family**                   **Linkage**                         **Donor**                      **Acceptor**                            **Product**
  --------------- ---------------------------- ----------------------------------- ------------------------------ --------------------------------------- ------------------------------
  Retaining       GT4                          α,α-(1→1)                           α-D-Glc-1-P                    D-Glc                                   Trehalose \[[@r14], [@r15]\]
  GT35            α-(1→4)                      α-D-Glc-1-P                         α-D-Glc-(1→4)- α-D-(Glc)~n~    Glycogen \[[@r16]\]/starch \[[@r17]\]   
  GH13            α,α-(1→2)                    α-D-Glc-1-P                         D-Fru                          Sucrose                                 
  α-(1→4)         α-D-Maltose-1-P              α-D-Glc-(1→4)-α-D-(Glc)~n~          α-D-Glc-(1→4)-α-D-(Glc)~n+2~                                           
  Inverting       GH65                         α,α-(1→1)                           β-D-Glc-1-P                    D-Glc/D-Glc-6-P                         Trehalose/trehalose-6-P
  α-(1→2)         β-D-Glc-1-P                  D-Glc                               Kojibiose                                                              
  α-(1→3)         β-D-Glc-1-P                  D-Glc                               Nigerose                                                               
  α-(1→4)         β-D-Glc-1-P                  D-Glc                               Maltose                                                                
  GH94            β-(1→2)                      α-D-Glc-1-P                         D-Glc                          Sophorose                               
  β-(1→3)         α-D-Glc-1-P                  D-Glc                               Laminaribiose                                                          
  β-(1→4)         α-D-Glc-1-P                  D-Glc/ β-D-Glc-(1→4)-β-D-(Glc)~n~   Cellobiose/cellodextrin                                                
  β-(1→4)         α-D-GlcNAc-1-P               D-GlcNAc                            Chitobiose                                                             
  GH112           β-(1→3)                      α-D-Gal-1-P                         D-GalNAc/D-GlcNAc              Galacto-*N*-biose/lacto-*N*-biose       
  β-(1→4)         α-D-Gal-1-P                  L-Rha                               β-D-Gal-(1→4)-L-Rha                                                    
  GH130           β-(1→4)                      α-D-Man-1-P                         D-Glc                          β-D-Man-(1→4)-D-Glc                     
  α-D-Man-1-P     β-D-Man-(1→4)-β-D-(Man)~n~   Mannan                                                                                                     
  α-D-Man-1-P     D-GlcNAc                     β-D-Man-(1→4)-D-GlcNAc                                                                                     
